Abstract. This work presents a heat transfer model for the exhaust gas of a diesel power generator to determine the gas temperature profile in the exhaust pipe. The numerical methodology to solve the mathematical model was developed using a finite difference method approach for energy equation resolution and determination of temperature profiles considering turbulent fluid flow and variable fluid properties. The simulation was carried out for engine operation under loads from 0 kW to 40 kW. The model was compared with results obtained using the multidimensional Ansys CFX software, which was applied to solve the governor equations of turbulent fluid flow. The results for the temperature profiles in the exhaust pipe show a good proximity between the mathematical model developed and the multidimensional software.
Introduction
There is a growing need to produce more efficient internal combustion engines, since the laws that regulate the level of pollutant emissions and fuel consumption by automobiles are increasingly demanding lower limits. Together with regulatory laws, government incentive laws also encourage the manufacturers to continuously develop new technologies that allow automobiles to reach and even exceed the consumption limits and emissions. Heat transfer is an important requirement in the analysis, development and design of internal combustion engine, being directly related to engine efficiency and emissions levels [1] . Within the various lines of research and approaches for heat transfer analysis at internal combustion engines, a special focus is given to the exhaust system.
The equations governing the fluid flow and determining the temperature profiles, when analyzed in the plane or space, results in complex calculations and hard analytical solution. This problem can be mitigated with the adoption of numerical methods, such as finite difference method (FDM) and finite volume method (FVM). FDM is a numerical method generally used to study heat transfer and fluid flow dynamics [2] . In the analysis of exhaust systems, the FDM has been employed to verify the energy availability of exhaust gases [3] [4] [5] [6] [7] . The exhaust gas fluid flow and heat transfer was simulated via FDM to design optimization of the exhaust system [8] .
The main objective of this work is to evaluate the consistency of heat transfer solution from exhaust pipe modeling on FDM from comparison with results obtained in computational fluid dynamics (CFD) modeling using Ansys CFX software. The FDM modeling was adopted for energy equation resolution and determination of the exhaust gas temperature profiles, considering turbulent fluid flow and variable properties. The numerical simulation was carried out for engine operation under loads from 0 kW to 40 kW. 
Problem formulation
The exhaust system is responsible by about 30% of the energy loss from an internal combustion engine [9] . The energy carried by the exhaust gas can be evaluated from the analysis of the internal fluid flow. The exhaust pipe taken as the physical domain of this work is shown in Fig. 1 . The heat transfer and fluid flow is analyzed taking the duct as a straight pipe, as shown by Fig. 2 . The K-ω SST model [11] is used to treat the turbulence regime in the present study in the simulation with Ansys CFX®.
Numerical methodology
The use of numerical techniques to solve engineering problems arises from the difficulty to achieve analytical solutions to highly complex problems, which involve partial differential equations and implied equations, among others. The currently available computational speed enables the effectiveness of the solutions for such problems [2] . In this research two numerical methods were used to solve the governing equations of the exhaust gas flow. The FDM was used to solve the energy equation and FVM was used to solve the seven governing equations of the exhaust gas flow.
FDM Model
The discretization of the energy equation, based on FDM developed using MATLAB® software (Fig.  3) , was done by the bidimensional nodal mesh shown by Fig. 2 . The boundary conditions are [12] :
For turbulent, fully developed flow the 1/7 velocity profile is able to satisfactorily approximate the behaviour of the real flow velocity profiles [10] .
To determine the equations of the fluid intensive properties as a function of the exhaust gas temperature, modelled as air, it was used the Engineering Equation Solver (EES®) software. 
FVM Model
The FVM model was solved using Ansys CFX® 14.5 software, adopting a straight pipe geometry and considering symmetry and 3-dimensional fluid dynamics and heat transfer. This model was solved to compare with the FDM model. The fundamental hypotheses adopted are: (1) air at 25°C, (2) turbulent flow, (3) steady state condition, and (4) incompressible flow. The entry conditions are: (1) pipe outlet with relative static pressure of 0 Pa, (2) non-sliding walls conditions, (3) known experimental mass flow rate and flow temperature, (4) prescribed heat transfer coefficient in the pipe wall, and (5) ambient temperature 27°C. 
Entry conditions of numerical models
In the numerical simulations it was adopted input and boundary conditions obtained experimentally [13] and described in Table 1 . These data were collected from a diesel power generator operating under loads of 0, 10, 20 and 40 kW. 
Results and discussion
In the algorithm implemented in Matlab software it was adopted square mesh to ensure compliance with the proposed mesh stability criterion. The convergence criterion adopted the value of 1% [2] . Mesh with 0.17 mm element size was adopted for the simulation. The FVM model in Ansys CFX® 14.5 software was simulated with 11.6 million elements. The numerical solutions proposed to the problem of exhaust gas flow are here evaluated in a comparative way. For such it is evaluated the temperature profiles obtained in the section 150 mm before the pipe outlet. The FDM model was named Matlab-FDM and FVM model was named Ansys-SP. The temperature profiles in Fig. 4 and Fig. 5 show that the Matlab-MDF model depicts a behaviour similar to Ansys-DR model and the temperature gradients, increasing as the engine load power is increased. 
Conclusions
With the numerical methodology used, it was possible to determine the temperature profiles in the exhaust pipe of a stationary engine operating under different loads. The results show a good correlation between the proposed Matlab-FDM model and the Ansys-SP model. Temperature profiles obtained in both cases show that, as the load applied to the engine is increased, the temperature gradient along the pipe length is also increased as a result of increased exhaust gas temperature and reduced mass flow rate.
